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Figure 1
Modular Total Synthesis of Tetracyclines
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Figure 2
Total Synthesis of Tetracycline
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Figure 3
Total Synthesis of Doxycycline
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Figure 4
Synthesis of Isoxazole 4
First Generation:
OH
o 1. MsCl, Et;N, DMAP,
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Synthesis 1985, 1100-1104,
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Figure §
Synthesis of Benzocyclobutenol 11:
CHO 1. CH3MgBr, THF, -5 °C
Br 2. TEMPO, NaQCl, NaBr

NaHCO3, THF, H,0,0°C
OBn

0
30 80% (2 steps)

30 prepared in 2 steps from 3-(benzyloxy)benzyl alcohol

J. Org. Chem. 1994, 59, 6703-6709,

CHs
o 1, n-BuLi, THF, 78 °C
2. MgBro, ~78 = 23 °C
O8n 67% (+7% cis)
32

OBn

Sheet 4 of 25 US 9,365,493 B2
N(CH3)>
O\
[ N
OBn
4 (45 g batch prepared)
N(CHa)z
benzyl alcohol 0,
—_— Ly
Na, 120°C
OBn
63%
4 (102 g batch prepared)
CHj;
Br (CH;),S*(O)CH
DMSO, 23 °C
OoBn
31 94%
CHa CHg

TESOTY, Et;N
DCM, 23°C
OTBS
9994 0Bn

11

cyclization from 32 to 33 based on: (2) Akgiin, E.; Glinski, M. B.; Dhawan, K. L:; Durst, T. J. Org. Chem. 1981, 46, 2730.
(b) Dhawan, K. L.; Gowland, B. D.; Durst, T. J. Org. Chem. 1980, 45, 922.
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Figure 6
Selected Analogs Accessible by our Modular Synthesis
Paredigm for Antibiotic Activity of the Tetracyclines
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Figure 7
Summary of Targeted "Tricyclines”
1. protect alcohol

2.Nu
H fg(CHa)z R 1. heat 3. ms R'CHO
W(‘N + é 2. oxidize 5: H,, Pd Black
N+ [T LD -~ 0 7T 7 YN wdzaiiexs...
PhS f A
OHRO 0Bn OP
10 41

R i N(CHa)
A I A~_-OH

NH,

bydrophilic region conserved

0
H

o O
43

O O HO

Scope:
Nu = any soft alkyl, aryl, viny], or beterocyclic nucleophile. For example alkyl and aryl cuprates and Grignard scagents.

R = sterically non-remanding alkyl or substituted group. Aryl less reasonable.
R' = any alkyl, aryl, or heterocyclic structure. Basically anything that does not have acidic protons.

Figure 8
Summary of Targeted "Pentacyclines”

1. protect alcohol

3. deprotect

Scope:
Same as other Michacl-Dieckmann reactions.
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Figure 9
Summary of Targeted "Bridged-Pentacyclines”

X |, N(CHa) (L )y CH
A N
N v*Z  CosPh ( 30):1
U 0090
2. deprotect
o} i OBn O HOHO O
OTBS
46 X=H 48X =H
23 X = 0C0O,Bn 49X =0H
Scope:
Same as other Michael-Dieckmann reactions,
Figure 10
Synthesized Compounds as Potential Analog Platforms
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Figure 11
Total Synthesis of a Pyridone Sancycline Analog

s T

1. LDA, DMPU,
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N(CHa), - HCI
HaC H B2 on
3 ¥ 5
Ha, PA(OH),/C HCl(ag) &
dioxane/CH;0H MeOH HN 6 NH,
i0 O 74% (2 steps) O 0 QHO O
CDL-II-450

pyridone-sancycline analog
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Figure 12
Total Synthesis of 6-Deoxytetracycline
1. LDA, TMEDA,
Et THF,-78 °C HF, CH3CN

CO,Ph 2.-78°C—=0°C

OBac 1 NCH)2 BocO O HO o OBn
0 ¥ OTBS
CDL-1-299 CDL-1-287
0io OBn
OTBS DRS6
83%
HyC H N(CHs),
O, H, Pdblack
N e J
THF/ICH,0H

HO OH 090 ©OBn 81%@2steps) HO HO o8

0 O

CDL-I-322

B-deoxycycline, 8% from benzoic acid in 14
steps (the first 10 steps are identical to the first
10 steps of the tetracycline total synthesis)
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Figure 13

A. Synthesis of 7-Aza-10-dexoysancycline

N(CHa); H N(CHy),
Ij : N H Sz
N\ CH3 B | O\ LDA, HMPA z H O\N
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H
N 4 OH
H,, Pd black HF(aq)
A N ) NH
dioxane/CHzOH CH4CN, 35 °C f 2
86 % (two steps) o 8 HO O
JDB1-109
B. Synthesis of 10-Deoxysancycline
" N(CHa),
@:OHa : LDA, HMPA
+
THF
COPh —95 °C—»= —70°C
JDB1-113 85%
HF(aq) H,, Pd black
———— e
CH4CN dioxane/CH;0OH
91% (two steps)
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Figure 14A

Representative Structures
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Figure 14B
Representative Structures
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Alternative Sequences to AB Enone Precursors from 1S,2R-cis-Dihydroxy Benzoeic Acid
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New Routes to AB Precursors That Do Not Involve Microbial Dihydroxylation of Benzoic Acid
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SYNTHESIS OF TETRACYCLINES AND
ANALOGUES THEREOF
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patent applications Ser. No. 60/660,947, filed Mar. 11, 2005,
and U.S. Ser. No. 60/573,623, filed May 21, 2004, each of
which is incorporated herein by reference.
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the invention.

BACKGROUND OF THE INVENTION

The tetracyclines are broad spectrum anti-microbial agents
that are widely used in human and veterinary medicine
(Schappinger et al., “Tetracyclines: Antibiotic Action,
Uptake, and Resistance Mechanisms” Arch. Microbiol. 165:
359-69, 1996; Mitscher, Medicinal Research Series, Vol. 9,
The Chemistry of the Tetracycline Antibiotics, Marcel Dek-
ker Inc. New York, 1978). The total production of tetracy-
clines by fermentation or semi-synthesis is measured in the
thousands of metric tons per year. The first tetracycline, chlo-
rotetracycline (1) (Aureomycin™) was isolated from the soil
bacterium Streptomyces aureofaciens by Lederle Laborato-
ries (Wyeth-Ayerst Research) in the 1945 (Duggar, Ann. N.Y.
Acad. Sci. 51:177-181, 1948; Duggar, Aureomycin and
Preparation of Some, U.S. Pat. No. 2,482,055, 1949; incor-
porated herein by reference). Oxytetracycline (2) was iso-
lated soon after from S. rimosus by scientists at Pfizer Labo-
ratories (Finlay et al. Science 111:85, 1950). The structures of
chlorotetracycline and oxytetracycline were elucidated by
scientists at Pfizer in collaboration with R. B. Woodward and
co-workers at Harvard University (Hochstein et al. J. Am.
Chem. Soc. 74:3708-3709, 1952; Hochstein et al. J. Am.
Chem. Soc. 75:5455-75, 1953; Stephens et al. J. Am. Chem.
Soc. 74:4976-77, 1952; Stephens et al. J. Am. Chem. Soc.
76:3568-75,1954). Tetracycline (3) was later prepared by the
hydrogenolysis of chlorotetracycline and was found to retain
the anti-microbial activity of chlorotetracycline and oxytet-
racycline and had increased stability (Boothe et al. J. Am.
Chem. Soc. 75:4621, 1953; Conover et al. J. Am. Chem. Soc.
75:4622-23,1953). Tetracycline was later found to be a natu-
ral product of S. aureofaciens, S. viridofaciens, and S. rimo-
sus.
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The primary tetracyclines of clinical importance today
include tetracycline (3) (Boothe et al. J. Am. Chem. Soc.
75:4621, 1953), oxytetracycline (2, Terramycin™) (Finlay et
al. Science 111:85, 1950), doxycycline (Stephens et al. J. Am.
Chem. Soc. 85:2643,1963), and minocycline (Martell et al. J.
Med. Chem. 10:44,1967; Martell et al. J. Med. Chem. 10:359,
1967). The tetracyclines exert their anti-microbial activity by
inhibition of bacterial protein synthesis (Bentley and
O’Hanlon, Eds., Anti-Infectives: Recent Advances in Chem-
istry and Structure-Activity Relationships The Royal Society
of Chemistry: Cambridge, UK, 1997). Most tetracyclines are
bacteriostatic rather than bactericidal (Rasmussen et al. Anti-
microb. Agents Chemother. 35:2306-11, 1991; Primrose and
Wardlaw, Ed. “The Bacteriostatic and Bacteriocidal Action of
Antibiotics” Sourcebook of Experiments for the Teaching of
Microbiology Society for General Microbiology, Academic
Press Ltd., London, 1982). It has been proposed that after
tetracycline passes through the cytoplasmic membrane of a
bacterium it chelates Mg*?, and this tetracycline-Mg** com-
plex binds the 30S subunit of the bacterial ribosome (Gold-
man et al. Biochemistry 22:359-368, 1983). Binding of the
complex to the ribosome inhibits the binding of aminoacyl-
tRNAs, resulting in inhibition of protein synthesis (Wiss-
mann et al. Forum Mikrobiol. 292-99, 1998; Epe et al. EMBO
J.3:121-26, 1984). Tetracyclines have also been found to bind
to the 408 subunit of eukaryotic ribosome; however, they do
not achieve sufficient concentrations in eukaryotic cells to
affect protein synthesis because they are not actively trans-
ported in eukaryotic cells (Epe et al. FEBS Lett. 213:443-47,
1987).

Structure-activity relationships for the tetracycline antibi-
otics have been determined empirically from 50 years of
semi-synthetic modification of the parent structure (Sum et al.
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3

Curr. Pharm. Design 4:119-32, 1998). Permutations with the
upper left-hand portion of the natural product, also known as
the hydrophobic domain, have provided new therapeutically
active agents, while modifications of the polar hydrophobic
domain result in a loss of activity. However, semi-synthesis
by its very nature has limited the number of tetracycline
analogs that can be prepared and studied.

(©)

NH,

Tetracycline

The tetracyclines are composed of four linearly fused six-
membered rings with a high density of polar functionality and
stereochemical complexity. In 1962, Woodward and
co-workers reported the first total synthesis of racemic 6-des-
methyl-6-deoxytetracycline (sancycline, 4), the simplest bio-
logically active tetracycline (Conover et al. J. Am. Chem. Soc.
84:3222-24, 1962). The synthetic route was a remarkable
achievement for the time and proceeded by the stepwise con-
struction of the rings in a linear sequence of 22 steps (overall
yield ~0.003%). The first enantioselective synthesis of (-)-
tetracycline (3) from the A-ring precursor D-glucosamine (34
steps, 0.002% overall yield) was reported by Tatsuda and
co-workers in 2000 (Tatsuta et al. Chem. Lett. 646-47,2000).
Other approaches to the synthesis of tetracycline antibiotics,
which have also proceeded by the stepwise assembly of the
ABCD ring system beginning with D or CD precursors,
include the Shemyakin synthesis of (x)-12a-deoxy-5a,6-an-
hydrotetracycline (Gurevich et al. Tetrahedron Lett. 8:131,
1967; incorporated herein by reference) and the Muxfeldt
synthesis of (£)-5-oxytetracycline (terramycin, 22 steps,
0.06% yield) (Muxfeldt et al. J. Am. Chem. Soc. 101:689,
1979; incorporated herein by reference). Due to the length
and poor efficiency of the few existing routes to tetracyclines,
which were never designed for synthetic variability, synthesis
of tetracycline analogs is still limited.

Q)

NH,

Sancycline

There remains a need for a practical and efficient synthetic
route to tetracycline analogs, which is amenable to the rapid
preparation of specific analogs that can be tested for improved
antibacterial and potentially antitumor activity. Such a route
would allow the preparation of tetracycline analogs which
have not been prepared before.
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4
SUMMARY OF THE INVENTION

The present invention centers around novel synthetic
approaches for preparing tetracycline analogs. These syn-
thetic approaches are particularly useful in preparing 6-deox-
ytetracyclines, which are more stable towards acid and base
than 6-hydroxytetracyclines. Doxycycline and minocycline,
the two most clinically important tetracyclines, as well as
tigecycline, an advanced clinical candidate, are members of
the 6-deoxytetracycline class.

OH (6]

NH,

OH e} e}
(S)-doxycycline
H;C

NH,

(S)-minocycline

The approaches are also useful in preparing 6-hydroxytetra-
cyclines, pentacyclines, hexacyclines, C5-substituted tetra-
cyclines, C5-unsubstituted tetracyclines, tetracyclines with
heterocyclic b-rings, and other tetracycline analogs.

These novel synthetic approaches to tetracycline analogs
involve a convergent synthesis of the tetracycline ring system
using a highly functionalized chiral enone (5) as a key inter-
mediate. The first approach involves the reaction of the enone
with an anion formed by the deprotonation of a toluate (6) or
metallation of a benzylic halide as shown below. The depro-
tonation of a toluate is particularly useful in preparing
6-deoxytetracyclines with or without a C5-substituent. The
metallation (e.g., metal-halogen exchange (e.g., lithium-
halogen exchange), metal-metalloid exchange (e.g., lithium-
metalloid exchange)) is particularly useful in preparing
6-deoxytetracyclines with or without a C5-substituent as well
as pentacyclines. Any organometallic reagent may be used in
the cyclization process. Particularly useful reagents may
include lithium reagents, Grignard reagents, zero-valent
metal reagents, and ate complexes. In certain embodiments,
milder conditions for the cyclization reaction may be pre-
ferred.
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OH e} e}
6-deoxytetracycline

sl

OR’

OH e} e}
6-deoxytetracycline

Hal

OR’
OR (6]
The second approach involves reacting the enone (5) in a

Diels-Alder-type reaction with a diene (7) or a benzocy-
clobutenol (8).
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6-deoxytetracycline
H;C CH,
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OH e} e}
6-deoxytetracycline

RTIT

OP
OR

In both these approaches, the chiral enone provides the func-
tionalized A and B rings of the tetracycline core, and the
D-ring is derived from the toluate (6), benzylic halide, or
benzocyclobutenol (8). In bringing these two portions of the
molecule together in a stereoselective manner the C-ring is
formed. These approaches not only allow for the stereoselec-
tive and efficient synthesis of a wide variety of tetracycline
analogs never before prepared, but they also allow for prepa-
ration of tetracycline analogs in which the D-ring is replaced
with a heterocycle, S-membered ring, or other ring system.
They also allow the preparation of various pentacyclines or
higher cyclines containing aromatic and non-aromatic car-
bocycles and heterocycles.

Through the oxidation at C6 of 6-deoxytetracycline ana-
logs, 6-oxytetracycline analogs may be prepared as shown in
the scheme below:
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-continued

OP (6]

OH (6]

6-deoxytetracycline

The 6-deoxytetracycline is transformed into an aromatic
napthol intermediate which undergoes spontaneous autoxi-
dation to form the hydroperoxide. Hydrogenolysis of the
hydroperoxide results in the 6-oxytetracycline. This oxida-
tion of 6-deoxytetracycline analogs can be used to prepare
tetracyclines in which the D-ring is replaced with a hetero-
cycle, 5S-membered ring, or other ring system as well as pen-
tacyclines and other polycyclines containing aromatic and
non-aromatic carbocycles and heterocycles.

The present invention not only provides synthetic methods
for preparing these tetracycline analogs but also the interme-
diates, including chiral enones (5), toluates (6), dienes (7),
benzylic halides, and benzocyclobutenol (8), used in these
syntheses, and novel derivatives accessed by them.

Some of the broad classes of compounds available through
these new approaches and considered to be a part of the
present invention include tetracyclines and various analogs.
Important subclasses of tetracyclines include 6-deoxytetra-
cyclines with or without a C5-hydroxyl group, and 6-hydrox-
ytetracyclines with or without a C5-hydroxyl group. Many of
the analogs available through these new approaches have
never been synthesized before given the limitations of semi-
synthetic approaches and earlier total syntheses. For
example, certain substitutions about the D-ring become
accessible using the present invention’s novel methodolo-
gies. In certain classes of compounds of the invention, the
D-ring of the tetracyclines analog, which is usually a phenyl
ring, is replaced with a heterocyclic moiety, which may be
bicyclic or tricyclic. In other classes, the D-ring is replaced
with a non-aromatic ring. The size of the D-ring is also not
limited to six-membered rings, but instead it may be three-
membered, four-membered, five-membered, seven-mem-
bered, or larger. In the case of pentacyclines, the five rings
may or may not be linear in arrangement. Each of the D- and
E-rings may be heterocyclic or carbocyclic, may be aromatic
or non-aromatic, and may contain any number of atoms rang-
ing from three to ten atoms. In addition, higher cyclines such
as hexacyclines may be prepared. In certain classes, the
C-ring may not be fully formed, leading to dicyclines with the
A-B fused ring system intact. The compounds of the inven-
tion include isomers, stereoisomers, enantiomers, diastere-
omers, tautomers, protected forms, pro-drugs, salts, and
derivatives of any particular compound.
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NH,

NH,

NH,

The present inventio